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ABSTRACT
In this paper, a theoretical journey from electronic to magneto-caloric effect has been shown through
the magnetic properties of aluminium induced yttrium chromate. The ground state electronic band
structure and density of states have been studied using first principle calculations under GGA+U
schemes. From the energy minimization, the ferromagnetic structure is more stable than the anti-
ferromagnetic one. The interaction constant as well as the magnetic moment, have been determined
from mean-field theory and DFT, respectively. The Monte-Carlo simulation under Metropolis al-
gorithm has been employed to determine the critical temperature (푇퐶 ), which is nearly same as theexperimental value. The temperature-dependent magnetization shows that these materials exhibit a
paramagnetic to ferromagnetic phase transition at 136 K, 130 K, 110 K, and 75 K respectively. The
two inherent properties named the isothermal entropy change (Δ푆푀 ) and the adiabatic temperaturechange (Δ푇푎푑 ) as a function of temperature for different applied magnetic fields have been determinedto measure the magnetocaloric efficiency of these materials. The relative cooling power (RCP), which
is calculated around 푇퐶 , changes from 4.7 J/Kg to 2.5 J/Kg with the decreasing Cr- concentration.
1. Introduction
The ferromagnetic insulators [1–4] as well as semicon-
ductors [5–8]within the group of perovskites have been draw-
ing the tremendous interest in material research since last
few decades due to their multi-functional properties such as
magneto-capacitance [9, 10], magneto-dielectric [11, 12],
magneto-resistance [13, 14], magnetocaloric effect (MCE)
[15, 16] etc. They have been applied in various fields such
as spintronics [17], opto-electronics [18], piezoelectric [19].
However, we have focused on the magnetocaloric material,
which is used in the magnetic refrigeration for cooling at
room temperature as well as the cryogenic application [20,
21]. In the common refrigerator the cooling is done by com-
pressing the vapour cycle [22], which is very harmful for en-
vironment. But in magnetic refrigerator it is accomplished
by application or removal of external magnetic field, which
induces the magneto-caloric effect in these materials [23].
The adiabatic temperature change (Δ푇푎푑) and the isother-mal magnetic entropy change (Δ푆푚), which are the intrin-sic properties of the material, are the two important factors
for the MCE. The magnetic refrigerator needs the magnetic
materials, whose critical temperature (푇퐶 ) have within therange of requiring cooling temperature. So, we have been
searching for the low cost magnetic perovskites, which have
large MCE at transition temperature and provides the better
degree of efficiency without affecting the environment.
To know the underlying physics behind these strongly
correlatedmaterials, the density functional theory (DFT) [24]
is beneficial and accurate until now. Using generalised gra-
dient approximation (GGA) method [25] it can predict vari-
ous properties of matter. It can be accurately described the
d and f- electrons of strongly correlated systems by adding
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the Coulomb potential (U) with DFT (DFT+U) [26]. But
this theory can not count the thermal fluctuations present in
the system. But, it is necessary to discuss the temperature-
dependent behaviour of this type of material. In the critical
region, where the phase transition occurs, the DFT can not
explain the physics behind it. There are several types of the-
oretical models such as mean-field theory [27], 3D- Heisen-
berg model [28], 3D Ising model [29], etc., to describe this
behaviour accurately. These models are enabled to explain
the mechanism near phase transition and help us to find the
appropriate materials for MCE. Usually, the Monte-Carlo
simulation technique has been used to describe these models
[30].
In this context, we have targeted to reach the liquid nitro-
gen temperature (77 K), so that we can easily replace liquid
nitrogen as a frigging element, which is very costly and un-
easy to handle. So, we use the yttrium chromate (YCrO3)(T퐶=140K) [31] as a startingmaterial and thenwe doped a non-
magnetic aluminium (Al) to Cr site to decrease the critical
temperature. With 50% doping of Al [32], we have achieved
that the T퐶 is 73 K. At first, we have used DFT to knowthe Fermi energy, the density of states (DOS), bandgap en-
ergy. We have studied the band structure and DOS of 10%
and 30% doping of Al with full potential linear augmented
planewave (FPLAPW)method [33]. FromDFT,we can eas-
ily predict the ground state magnetic configuration of these
materials. After that, we have used the Ising model to de-
termine the transition temperatures (T퐶 ), magnetic suscep-tibility (휒), and hysteresis loop with the help of Metropo-
lis Monte- Carlo algorithm. At last, we have calculated the
adiabatic temperature change (Δ푇푎푑) as well as the relativecooling power (RCP) to determine the magnetocaloric effi-
ciency of these systems.
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Figure 1: Crystal structure of YCrO3, used for theoretical calculations and the blue arrows signify the spin direction of Cr-atom
with FM configuration.
2. Computational Details
2.1. Ab-initio Calculations
Density functional theory (DFT) is implemented to study
the electronic structure and magnetic properties of Al-doped
YCO3. The full- potential linearized augmented plane wave(FPLAPW) method have been used to solve the Kohn-Sham
equations as implemented inWIEN2Kpackage [34, 35]. The
general gradient approximation (GGA)with Coulomb repul-
sion U (GGA+U) method has been employed to optimize
the crystal structures as well as determining the electronic
structure and the magnetic moment calculations. We have
used different supercell of 40 atoms with P1 spacegroup and
replaced the Cr atom with Al atom appropriately to con-
struct the YAl0.1Cr0.9O3 and YAl0.3Cr0.7O3 structures. The
muffin- tin raddi (푅푚푡) for Y, Al, Cr and O atoms are 2.26 Å,
1.89 Å, 1.78 Å and 1.69 Å respectively. The cut-off energy
(푅푚푡 × 퐾푚푎푥) from core states to valance states has been setto 6 eV. 500 k- points have been used in the whole Brillion
zone for self- consistent convergence. The Hubbard param-
eter 푈푒푓푓 = 푈 - 퐽 = 4 eV have been used for Cr- 3d states.
The energy convergence criteria are set to 10−4 Ry, whereas
the charge convergence is fixed to 10−3 e for self- consistent
optimize calculations of Al-doped YCrO3.The electronic structure of Al-doped YCrO3 has beencalculated using the GGA+U method. It is reported that
YCrO3 crystallizeswith the orthorhombic Pnma space group.In the case of Al-dopedYCrO3, the supercell has been gener-ated in WIEN2k struct file and replaced the Chromium with
Aluminium appropriately to maintain the doping concentra-
tion. The spin direction of the magnetic Cr-ions are set to
the upward direction for FM calculations. In order to see
the magnetic structure, we have tried with AFM spin con-
figuration between Cr-ions also. According to the energy
value of these FM and AFM configurations, we have seen
the FM-spin obtained the minimal energy value for all cases.
The detailed magnetic properties have been described in the
following sections. The calculated structure has been opti-
mized according to WIEN2k spin-polarized algorithm. Af-
ter that, the density of states and band structure have been
calculated.
2.2. Monte-Carlo Simulations
Yttrium Chromate (YCO) is a single perovskite ABO3like structure where A site cation Y3+ is non magnetic but
B site cation Cr3+ is a magnetic one. So we have considered
the magnetic interaction between Cr3+- Cr3+ ions only. The
other three samples we have doped randomly the non mag-
netic Al3+ ions in different ratios in Cr-site. The interaction
constant between Cr3+ and Al3+ is taken to zero due to the
non magnetic Al3+ ion. So we have considered only Cr3+
- Cr3+ nearest neighbour (nn) and next nearest neighbour
(nnn) interaction here. We have taken Ising model Hamilto-
nian with nn and nnn for the simulation.
퐻 = −퐽1
∑
<푖,푗>
푠푖푠푗 − 퐽2
∑
<<푖,푘>>
푠푖푠푘 − ℎ
∑
푖
푠푖 (1)
Where 퐽1 and 퐽2 are the nn and nnn interaction constantsand < 푖, 푗 > and << 푖, 푘 >> are nn and nnn sites respec-
tively. From previous experimental study of YCO, we have
seen that it crystallizes with orthorohmbic Pnma space group
where the Cr3+ ion forms CrO6 octahedra with all six nearestO2− ions. The antiferromagnetic ordering temperature is T푁= 140 K but bellow ordering temperature hysteresis curve
have been shown that there was some week ferromagnetism
present in this material. In our magnetic monte carlo sim-
ulation study, we have considered only magnetic Cr3+ ion,
which positioned at the corner of the cubic crystal structure
and nn interaction between two Cr- ion have chosen to anti-
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Figure 2: Band structure from GGA+U method for up spin (red) and down spin (blue) configuration for (a) YCr0.9Al0.1O3 (c)
YCr0.7Al0.3O3. Density of states (DOS) and Partial DOS for different atoms for (b) YCr0.9Al0.1O3 (d) YCr0.7Al0.3O3
.
ferromagnetic where as nnn interaction is considered to be a
ferromagnetic. We have used the mean field approximation
[36] to determine the interaction constants 퐽1 (nn) and 퐽2(nnn).
푇푁 =
2
3푘퐵
푍푆(푆 + 1)퐽푒푓푓 (2)
The value of the transition temperatures (T푁 = 140 K) aretaken from the previous experimental study and Z are the co-
ordination number (Here Z = 6 and S = 3/2). The values of
퐽푒푓푓 , which have been calculated from equation (2), are 9.33K, 9.85 K, 12.78 K and 13.9 K for YCrO3, YAl0.1Cr0.9O3,YAl0.3Cr0.7O3 and YAl0.5Cr0.5O3 respectively.We have done Monte-Carlo simulation (MCS) using the
Metropolis algorithm to determine the magnetic properties
of YAl푥Cr1−푥O3 (x = 0, 0.1, 0.3, 0.5). In the MCS pro-cess, the periodic boundary condition and standard sampling
method have been applied over the whole lattice of size L =
30 in all three Cartesian directions. Single flip metropolis al-
gorithm has been used to solve the above Ising Hamiltonian,
described at equ (1). If the change in energy (dE) is less
than zero, or the transition probability [푒푥푝(−푑퐸∕푘퐵푇 )] is
greater than a random value, the flip is accepted otherwise
rejected. 106MCS steps have been used to reach the equilib-
rium of lattices and next 107 steps to average the magnetiza-
tion and other observables. The physical quantities, which
have been measured using MCS, are described as follows.
The internal energy per site is,
퐸 = 1
푁
< 퐻 > (3)
Where푁 = 퐿 × 퐿 × 퐿 is the total number of lattice points.
The magnetisation of Cr3+ ions in these materials is,
푀 =< 1
푁
∑
푖
푆푖 > (4)
The magnetic susceptibility is given by,
휒 = < 푀
2 > − < 푀 >2
푘퐵푇
(5)
The magnetic specific heat is calculated by,
퐶푚 =
< 퐸2 > − < 퐸 >2
푘퐵푇 2
(6)
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Figure 3: (a) Temperature dependent magnetization for different Al doping concentration. (b) 1st derivative of M vs T curves for
all materials. (c) Magnetic susceptibility vs temperature curves and (d) Specific heat with respect to temperature for YCr1−푥Al푥O3.
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The magnetic entropy is given by
푆푚 = ∫
푇
0
퐶푚
푇
푑푇 (7)
The change in magnetic entropy is described as
Δ푆푚 = ∫
ℎ푚푎푥
0
(휕푀
휕푇
)푑ℎ (8)
Where ℎ푚푎푥 is the maximum applied field and ( 휕푀휕푇 )ℎ is thethermal magnetisation for a fixed external magnetic field ℎ.
The adiabatic temperature change is given by
Δ푇푎푑 = −푇
Δ푆푚
퐶푚
(9)
The magnetocaloric effect is measured by a parameter called
Relative Cooling Power (RCP), which is calculated from the
magnetic entropy change vs temperature curves. The for-
mula for determining of RCP is given by,
푅퐶푃 = ∫
푇2
푇1
Δ푆푚(푇 )푑푇 (10)
Where, 푇1 and 푇2 are the cold and hot temperature corre-sponding the both ends of half maximum value ofΔ푆푚 vs 푇curves.
3. Results and Discussions
3.1. Electronic Properties
The electronic density of states (DOS) and band struc-
tures have been calculated after optimizing the crystal struc-
ture of Al-doped YCrO3. The band structures and DOS ofYAl1−푥Cr푥O3 (x = 0.1 and 0.3) have been shown in figure2. Spin-polarized GGA+U method has been applied to de-
termine the energy band of these systems. Figure 2(a) and
2(c) represent the band structure, which has been calculated
along with the high symmetry points in Brillouin zone for
the majority (UP) and minority (DOWN) spin direction, of
YAl0.1Cr0.9O3 and YAl0.3Cr0.7O3 respectively. The dottedline corresponds the Fermi energy (퐸퐹 ), which separates thevalance band and conduction band of Al-doped YCrO3. Themajority spin band gaps at Γ points (direct bandgap, Γ→ Γ)
are 2.55 eV and 2.5 eV for 10% and 30% Al-doped samples.
The UP spin direct bandgap for YCrO3 is 2.61 eV, whichmeans the bandgap is decreasing with increasing Al concen-
tration. The experimental band gap of YCO3 is reported to1.86 and 2.86 eV [37], which is nearly same as our theo-
retical value 1.90 eV and 2.61 eV. The minority spins have
shown the indirect bandgap (푍 → Γ) which are 1.9 eV, 1.95
eV, 1.951 eV and 2.08 eV respectively for x= 0.0, 0.1, 0.3,
0.5 doping concentrations.
To study more intensely about the energy states below
and above the Fermi level, we have calculated the partial
DOS (PDOS) of Y-d, Cr-d, Al-p and O-p states. The total
DOS and PDOS have been described in figure 2(b), and 2(d)
for YAl0.1Cr0.9O3 andYAl0.3Cr0.7O3, respectively. The con-duction band mainly consists of Y-d states as well as Cr-d
states. The spin up and down channel, the minima of the
conduction band at Γ and X point originated due to the Cr-d
states. O-p states are responsible for the valance band max-
ima in the spin-down channel at Z point. TheAl-p, O-s states
are responsible for lower band bellow -8 eV. The asymmetry
in the up and down spin channel for Cr-d states confirms that
it is ferromagnetic in nature.
3.2. Magnetic Properties
The ground statemagnetic properties of Al-dopedYCrO3compounds have been studied using the spin polarization
GGA-PBE+U method. These systems are optimized with
two differentmagnetic spin systems of themagnetic Cr-atom.
The interaction between two nearest neighbours Cr-atom is
considered to be a ferromagnetic (FM) and antiferromag-
netic (AFM), respectively. It is seen that the energy eigen-
values of the FM configuration are less than the AFM for
all cases. So, the ground state spin structure of these com-
pounds are ferromagnetic. The magnetic moments per Cr
atom for FM configuration are 1.5 휇퐵 , 1.31 휇퐵 , 1.13 휇퐵 ,0.75 휇퐵 for YAl푥Cr1−푥O3, (where x = 0.0, 0.1, 0.3, 0.5) re-spectively.
Figure 3(a) represents the magnetization per Cr-atom of
YAl푥Cr1−푥O3, (where x = 0.0, 0.1, 0.3, 0.5) as a function oftemperature without any external magnetic field. The para-
magnetic transition temperature (푇퐶 ) decreases with increas-ing Al doping concentrations. To determine the exact tran-
sition temperature, we have differentiated the magnetization
with respect to temperature and plotted the obtained 푑푀푑푇curve with temperature (T) in figure 3(b). The minimum
point of this curve indicates the magnetic ordering temper-
atures at 136 K, 126 K, 110 K and 73 K for YAl푥Cr1−푥O3compound with x = 0.0, 0.1, 0.3 and 0.5 respectively. The
obtained values of transition temperature are comparable to
the experimental results. The saturationmagnetization (푀푆 )decreases linearly with this equation, 푀푆 = 푀푆0 (1 − 푥),where 푀푆0 is the saturation magnetization of starting ma-terial YCO and x is the different Al concentrations. The
temperature-dependent magnetic susceptibility and specific
heat are shown in figure 3(c) and 3(d) for different Al doping
concentrations. These two observables are calculated from
the magnetic and energy fluctuation, respectively, with the
help of equation (5) and (6). The peaks in these two figures
signify the transition temperature of these materials, which
is as same as calculated earlier.
Figure 4(a) shows the temperature dependence of mag-
netization in the presence of the different applied external
magnetic field, where the steepness of the curve depends on
the applied magnetic field. It is seen that the saturation mag-
netization is the same for all applied field, but the transition
temperature shifts towards the higher values for increasing
of the applied field. The increase in 푇퐶 indicates that the ex-ternal magnetic field influences the magnetic interaction be-
tween two nearest neighbour magnetic ion. The alignment
of all spins of Cr3+ ion becomes uni-direction, i.e. towards
the external field direction before the transition temperature
upon cooling of this material. The ground state magnetic
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Figure 5: Negative magnetic entropy changes with respect to temperature and the inset shows the temperature dependence of
adiabatic temperature change for YCr1−푥Al푥O3 with different external magnetic field (a) x = 0.0, (b) x = 0.1, (c) x = 0.3 (d) x
= 0.5
energy per spin is shown in figure 4(b). The ground state
magnetic energy is calculated from mean-field theory us-
ing the relation 퐸0 = − 12푍푒푓푓퐽푒푓푓푆2푒푓푓 [38]. The valuesof ground-state free energy are -86.94 meV, -76.71 meV, -
53.01 meV and -28.84 meV for x= 0, 0.1, 0.3 and 0.5 re-
spectively. From our simulation, we have seen the values of
free energies are -85.89 meV, -76.08 meV, -52.78 meV and
-28.82 meV respectively, which is very similar to the calcu-
lated values. The big change of slope in the curves indicates
the phase transitions temperature of these materials. Fig-
ure 4(c) and (d) show how the magnetization changes with
the applied magnetic field from 50 T to -50 T at 20 K and
200 K respectively. From 20 K hysteresis loop, we see that
the remnant magnetization as well as the coercive field both
decreases with increasing Al concentrations. The Al dop-
ing also causes the reduction of the saturation magnetization
(푀푆 ) bellow the transition temperature. Below the transi-tion temperature, it shows the wide gap between negative
and positive values of the applied field, which confirms the
ferromagnetic nature of these materials. Above the transi-
tion temperature, they have not shown any remnant magne-
tization as well as the coercive field. This type of behaviour
supports the paramagnetic nature of these materials.
3.3. Magnetocaloric Effect
Themagnetic entropy change (-Δ푆푚) with respect to tem-perature for different applied magnetic field has been shown
in figure 5(a-d) for YAl푥Cr1−푥O3, x = 0.0, 0.1, 0.3 and 0.5.The symmetric peak of these curves indicates the second-
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Figure 6: (a) Maximum entropy change with respect to the two
third of the external magnetic field. (b) RCP versus external
magnetic field for different materials.
order phase transition. It shows the positive value over the
all temperature range around the wide range of the transition
temperature, which is very useful for magnetic refrigeration
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around 136 K, 126 K, 110 K and 73 K. For an active regen-
erative magnetic refrigerator, we need a series of different
푇퐶 materials. So, we have doped the non-magnetic Al indifferent composition in the Cr site to reduce transition tem-
perature gradually towards the lowering temperature. The
magnitude, as well as the full-width at the half maximum
(FWHM) of the curve, is gradually increasing with the ap-
plied field. The value of FWHM (Δ푇 ) is a very useful pa-
rameter to determine the operating temperature range of the
magnetic refrigeration. In our case the value of FWHM of 5
tesla external field is 49.39 K, 49.07 K, 51.23 K and 52.66 K
for YAl푥Cr1−푥O3, x = 0.0, 0.1, 0.3 and 0.5 respectively. Themaximum value of -Δ푆푚 as a function of two-third power ofapplied field (ℎ2∕3) increases linearly, which indicates again
that it is the second-order phase transition, shown in figure
6(a).
The adiabatic temperature change (Δ푇 ) in the presence
of the magnetic field has been calculated from magnetic en-
tropy difference and magnetic specific heat. The inset of
figure 5(a-d) is described this adiabatic temperature change,
which is maximum at the transition temperature. The values
ofΔ푇푚푎푥 which is proportional to the applied magnetic fieldare 15.3 K, 15 K, 14.6 K and 13.3 K of 5 T magnetic field for
YAl푥Cr1−푥O3, x = 0.0, 0.1, 0.3 and 0.5 respectively. This isa very useful parameter which describes the amount of cool-
ing performance of the material. The value tells us that it is
very effective as magneto-caloric refrigerator applications.
Finally, we have measured the relative cooling power
(RCP) of these set of materials as a function of the applied
magnetic field. This parameter plays a vital role to charac-
terise the magneto-caloric material as well as to determine
the efficiency of magnetic cooling. The RCP value, which
is shown in figure 6(b), increases linearly with increasing
applied field. The RCP decreases with increasing Al con-
centrations.
4. Conclusions
In this current paper, we have studied electronic andmag-
netic properties of aluminium doped yttrium chromate using
first principle calculations after that we have re-investigated
the magnetic properties and studied the magneto-caloric ef-
fect of these systems using Monte- Carlo simulations. We
have seen that the bandgap of these materials are indirect
due to the valance band maxima (Z- point) and conduction
band minima Γ point are different point of symmetry in the
Brillouin boundary. The calculated magnetic moment of
Cr atom from ab-initio study and Monte-Carlo simulations
at ground state is the same one. The ferromagnetic transi-
tion temperature (T퐶 ) of these materials decreases with in-creasing Al- concentrations and simulated T퐶 is as sameas the experimental value. The magnetic entropy change
(Δ푆푚) and adiabatic temperature change (Δ푇 ) have beencalculated to study the magneto-caloric effect of these mate-
rials. The RCP value increases linearly with the application
of the higher external magnetic field. We propose that we
can easily reach into the liquid nitrogen temperature (78 K)
using these series of Al-doped YCrO3 as the magnetic ele-
ments of a magnetic refrigerator.
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